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Abstract 
Technologies are difficult to assess in an early stage of development. A comparison between innovative and conventional technologies is often 
complex due to differences in scale (large-scale with several 100 t/d vs. demonstrator-scale with less than 100 kg/d) and subsequent efficiency. 
A methodology is implemented using Key Performance Indicators (KPIs) enhanced by Life Cycle Assessment (LCA) aspects and incorporating 
industrial principles for technology assessment. The methodology is applied to identify the trade-off between direct and indirect emissions and 
to evaluate scale dependency with focus on energy and broader sustainability. The applicability is illustrated for glass and ceramic frits production 
and supported by experimental data for conventionally and innovatively heated processes. 
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1. Introduction 
Diminishing resources and increasing energy prices are key 
drivers for industrial producers to develop sustainable and 
innovative manufacturing processes. Investments in innovative 
production processes may appear to be less beneficial in an 
early stage of development than investments in state-of-the-art 
technologies. This is mainly connected to the size differences 
between innovative demonstrator-scale technologies (kg/d 
output) and conventional (CONV) large-scale technologies (t/d 
output). These differences have to be taken into account in a 
technology assessment concerning effectiveness and 
efficiency. The development and implementation of 
performance measurement methods using Key Performance 
Indicators (KPIs) support producers by quantifying processes, 
highlighting potential vulnerabilities and evaluating and 
benchmarking them [1]. These quantifiable and strategic 
measures are essential for understanding and improving 
manufacturing performances, both from the perspective of 
eliminating waste as well as achieving strategic goals which are 
most critical for current and future success [2-3]. Based on 
industrial principles for technology assessment, KPIs support 
the comparison of different processes and their results within a 
branch of manufacturing industry, but are limited in regard to 
different production scales and methodologies. Therefore, this 
paper presents a contribution on new types of KPIs with focus 
on energy and broader sustainability. In existing literature [4-
5] the indirect emissions are exclusively assigned to the 
generation of electricity. 
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The present work introduces KPIs which incorporate 
additional sources of indirect CO2 and NOX emissions for the 
first time, such as production and transportation of raw 
materials and fuels used (natural gas in particular). Combined 
KPI and Life Cycle Assessment (LCA) methodologies were 
only recently introduced for technology assessment and 
decision making processes [6-7]. This paper illustrates further 
development of a combined KPI and LCA technology 
assessment under consideration of scale effects due to 
production rates and/or plant sizes using the example of glass 
and ceramic frits melting. Implementing a LCA approach is 
considered necessary in order to properly understand the trade-
off of emissions being “reallocated” from a “gate-to-gate” 
boundary to upstream “cradle-to-gate” processes, like 
presented in the case study examined. 
2. The role of technology assessment in glass and ceramic 
frits production 
Conventional glass processing comprises of raw material 
preparation, melting, fining and forming, whereby 
temperatures above 1500°C are necessary. The goal is the 
production of various glass products of specified shape, colour 
and quality. Ceramic frits are produced by melting raw 
materials at 1200°C, usually prepared in a powdery state, and 
quenching the molten material in water, obtaining a vitreous, 
insoluble material.  
The intensive energy demand, that characterizes the 
industrial processes of these materials, is mainly linked to 
limited thermal efficiency of conventional furnaces involved in 
running plants. Different manufacturing processes exist and 
play an important role for technology assessment since every 
production process has its specific behaviour. This has to be 
taken into account for starting a KPI evaluation. Therefore, the 
substitution of CONV with innovative furnaces is investigated 
for the innovative microwave (MW) technology. The 
application of MW heating has already proven advantageous in 
lab scale trials for glass and ceramic frits production. A scaled-
up version (demonstrator-scale) of a developed MW lab-scale 
prototype from [7] was used for this study, comprising of a 
915 MHz magnetron with an usable output of 30 kW. The 
demonstrator was used to melt glass and ceramic frits. Energy 
consumption of the magnetron was measured directly by a 
power meter at power supply. 
3. Methodological approach 
3.1. Description of overall methodology  
Life-Cycle-Assessment is a methodology that estimates the 
environmental impact of processes and products during their 
entire life cycle. The conventional LCA approach [8-10] is 
divided into four steps (see Figure 1; white boxes). The main 
differences between the conventional LCA and the 
methodology proposed are related to the second (2) and the 
third (3) step of the LCA. These are the Life Cycle Inventory 
(LCI) and the Life Cycle Impact Assessment (LCIA), which 
are extended by KPI aspects (see Figure 1; grey boxes). 
 
Figure 1: Methodological approach for LCA-enhanced KPI study 
In a first step (1), the LCA-enhanced KPIs focus on the 
evaluation of the entire manufacturing process of glass and 
ceramic frits materials, based on both CONV and MW heating 
systems (Goal and Scope Definition). The second step (2) of 
the methodology concerns the collection of all necessary 
information about consumption (inputs) and outputs of the 
manufacturing processes (LCI). A comprehensive process 
understanding is significant within this step to define and 
identify relevant KPIs in terms of energy consumption and 
emissions for the assessment of the processes investigated. 
Moreover, the KPIs can be quantified directly by the 
measurement of material flows. Within the third step (3), the 
evaluation of the emission performance of the quantified KPIs 
enhances the study by life cycle aspects (LCIA). Indeed, the 
LCA results are not presented through common environmental 
indicators, such as Global Warming Potential, Acidification 
and Eutrophication [17] but focus on CO2 and NOX emissions 
per ton of material. 
The main purposes of the LCA-enhanced KPI study are the 
assessment and comparison of environmental impacts of 
different production processes. The applied methodology 
provides several benefits for decision makers, although it is 
obvious that KPIs can only be measured and applied after a new 
technology has already been implemented. Benefits are the 
identification of opportunities to improve environmental 
performance of products and technologies, the adoption of new 
technologies and the easy interpretation by the end-users due to 
quantitative results. 
3.2. LCA for glass and ceramic frits production 
The LCA is a considerable basis for the identification of 
KPIs as those parameters which are of special importance for 
the assessment of a process. In particular, the LCA focuses on 
the evaluation of the entire manufacturing process, based on 
high temperature heating systems. Different materials, energy 
consumption and energy efficiency have been taken into 
account in terms of KPIs associated with the proposed solutions 
over the "cradle-to-gate" life cycle of the products. Since the 
main difference between the CONV and MW system boundary 
is the melting step (main process), the LCA system boundaries 
are applied for this phase to generate a functional unit of 1 t of 
glass and ceramic frits as a final product. Other life cycle 
phases, e.g. use and end of life, are excluded from the analysis, 
since they represent phases common to all alternatives and 
contribute the same environmental impacts. Natural gas is 
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normally used in CONV melting furnaces as means of heating, 
while the MW furnace utilizes electricity. All necessary 
information about consumptions (energy and materials) and 
output (emissions) were collected from all phases of the 
manufacturing processes. The KPIs related to both processes 
(CONV and MW) were quantified considering average 
industry data and literature data. Data concerning MW thermal 
treatment were derived from demonstrator-scale experiments. 
3.3. LCA-enhanced KPI evaluation model 
The KPI methodology developed in [7] was refined by 
applying the SMART concept characteristics [3] through 
disregarding economic KPIs. Economic KPIs need to be 
converted to economic, business, logistic and financial factors 
for further use within a company on a higher decision level. 
The scope of this approach is a technology assessment on a 
lower level in order to provide evaluation tools, which can be 
used across different production lines and technology 
processes. 
After a common assessment in terms of a baseline between 
CONV and MW processes, the concluding quantification was 
accomplished by customizing the final KPIs to manufacturing 
processes according to standardization rules. Hence, all KPIs 
were selected from industrial practices to facilitate compliance 
with relevant standards as well as improved visibility to 
industry and support of manufacturing operations management. 
In particular, six performance indicators were defined and 
quantified as reported in Table 1. The three energy-related 
KPIs refer to the whole production line including the 
preparation of raw materials and downstream process. The 
three environmental KPIs are linked to direct emissions (gate-
to-gate; mainly due to raw material input and combustion of 
fossil fuels during the process) and electricity generation 
emissions. Hence, for each material and production process 
investigated, the emissions and resources consumed are 
defined, calculated and documented through KPI values in the 
LCI. 
4. Results 
4.1. Energy-related KPIs 
Experimental results of the measured energy-related KPIs 
are presented in Table 2 for the innovative MW demonstrator 
as well as industrial data for small-scale and large-scale 
applications.  
Table 1: Set of Key Performance Indicators (KPIs) according to [3], [12]. 
KPI No. Energy-related KPI Unit 
1 Specific Fuel Consumption kWh/t 
2 Specific Electricity Consumption kWh/t 
3 Throughput Rate t/d 
KPI No. Environmental KPI Unit 
4 Specific net CO2 emissions kg/t of product 
5 Specific NOx emissions kg/t of product 
6 Specific SOx emissions kg/t of product 
According to the data presented in Figure 2, CONV small 
refers to the existing facility with minimum pull rate, while 
CONV large refers to a typical plant capacity. The energy-
related KPIs show a great benefit of the MW process against 
comparable small-scale processes. Nevertheless, it is obvious 
that the large-scale process is more efficient. This is due to the 
fact that the specific energy consumption of high temperature 
furnaces is often connected to size and throughput. Larger 
furnaces are more efficient than small-scale installations [11]. 
While KPIs offer possibilities to compare furnaces on a basic 
level, the size of a furnace has to be considered as well to 
achieve a “fair” comparison. Figure 2 shows the specific 
energy consumption of different sizes of glass melting furnaces 
with different pull rates. The heating methodologies range from 
electricity to oxyfuel combustion. The displayed data include 
nearly all types of furnaces and applications. While size 
dependency is clearly visible, it needs to be noted that different 
products also encompass different specific energy 
consumptions. The fit shown in Figure 2 is a power function, 
which follows the form f(x)=ܽ ή ݔሺି௕ሻ ൅ ܿ. 
Table 2: Microwave demo-scale (MW demo), conventional small-scale 
(CONV small) and conventional large-scale (CONV large) energy-related 
KPIs for Glass (Gl) and Ceramic Frits (CF). Values refer to factory boundaries 
(whole production line including the preparation of raw materials and glass 
refining/forming). 
No. KPI Glass (Gl) Unit MW 
demo 
CONV 
small 
CONV 
large 
1 Sp. Fuel Consumption kWh/t 42.9 42.9 786.0 
2 Sp. Elec. 
Consumption 
kWh/t 1,859.0  2,398.0 141.4 
3 Throughput Rate t/d 0.14 0.38 450 
No. KPI Ceramic Frits 
(CF)  
Unit MW 
demo 
CONV 
small 
CONV 
large 
1 Sp. Fuel Consumption kWh/t 0.0 15,339.0 2,900.0 
2 Sp. Elec. 
Consumption 
kWh/t 1,223.0  170.0 114.0 
3 Throughput Rate t/d 0.24 0.36 22.0 
 
 
Figure 2: Specific energy consumption of glass production over pull rate. 
Literature values of conventional systems and measured values from MW 
process. The line 0 % cullets shows the calculated practical minimum heat 
consumption for production of container glass from virgin raw material, while 
the line 100 % cullets show the use of 100 % recycled materials. (Sources: 
Database (*) provided by CelSian; Literature (**): [13-15] 
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It provides a simple method to decide whether a furnace 
works more or less efficient than a representative number of 
other furnaces. Moreover, it shows that the specific energy 
consumptions for small furnaces are higher than for large-scale 
installations. Most of the displayed furnaces from literature 
data use natural gas firing. Coal fired furnaces were excluded 
since the technology is outdated and yields very high specific 
energy consumptions. From Figures 2 it can be seen that only 
a comparison between furnaces of the same scale result in 
useful findings. Thus, the usage of MW heating might offer 
substantial savings over conventional heating methods for 
systems of similar throughput with potential energy savings of 
at least 50 %. The findings on the specific energy consumption 
for glass can also be applied to ceramic frits. 
However, data for comparable scale installations may not 
always be available. Therefore, the LCA-enhanced KPI 
evaluation can provide the necessary results to allow KPI 
calculation and unbiased comparison. 
4.2. Environmental KPIs 
Table 3 shows the data of measured KPIs for the MW 
demonstrator as well as industrial data. A decline in emissions 
is easily discerned. The reduction in net CO2 emissions 
originates mainly from the partial use of renewable energy 
which accompanies a significantly smaller CO2-footprint 
compared to burning of conventional fuel. Compared to CONV 
small-scale installations, the MW system is competitive, 
having considerably lower emissions in CO2 and NOx despite 
slightly higher SOx emissions. It has to be noted that large-scale 
glass furnaces are bigger than large-scale ceramic frits furnaces 
by an order of magnitude, explaining why the scale effects in 
ceramic frits CO2-emission are not as high as in glass CO2-
emissions. 
4.3. LCA-enhanced KPIs 
The goal of this study is to investigate the environmental 
impact of the innovative MW heating system for glass and 
ceramic frits materials. The obtained results are compared with 
corresponding results from an equivalent CONV production 
process in order to assess the total environmental impact of 
different technologies, considering scale effects. 
Table 3: Microwave demo-scale (MW demo), conventional small-scale 
(CONV small) and conventional large-scale (CONV large) environmental 
KPIs for Glass (Gl) and Ceramic Frits (CF). Values refer to direct emissions 
(gate-to-gate) and electricity generation emissions. 
No. KPI Glass (Gl) Unit MW 
demo 
CONV 
small 
CONV 
large 
4 Sp. CO2 emissions kg/t  1,313.7  1,668.0 304.5 
5 Sp. NOx emissions kg/t  4.42 5.54 2.2 
6 Sp. SOx emissions kg/t  8.18 10.54 3.24 
No. KPI Ceramic Frits (CF)  Unit MW 
demo 
CONV 
small 
CONV 
large 
4 Sp. CO2 emissions kg/t  793.0  3,321.0 766.0 
5 Sp. NOx emissions kg/t  6.7 8.86 7.93 
6 Sp. SOx emissions kg/t  4.7 1.0 0.71 
The system boundaries investigated for both materials 
include: (1) raw materials extraction/transportation, fuels 
extraction/ transportation and electricity generation (“cradle-
to-gate”), (2) grinding and preparation of raw materials 
(upstream process), (3) calcining and melting of raw batch 
(main process), (4) forming and quenching processes 
(downstream process) to generate 1 t of glass and ceramic frits 
as final output product. 
Taking into account the intensive data collection for 
inventory analysis, data used in the LCI are retrieved from 
average industry data, literature data as well as derived from 
experiments. All data are represented with standard LCI 
datasets available in the SimaPro 7.3 LCA software package 
with the commercial database Ecoinvent 2.2 [16]. The 
electricity input considered was modeled applying project 
specific requirements (Portuguese energy mix for glass 
production lines and Spanish energy mix for frit production). 
Generally, the use of secondary data in the inventory phase 
introduces several uncertainties in LCA results. In order to 
reduce these uncertainties and improve the accuracy of the 
results, relevant data have been modified on the basis of 
practices of European suppliers and manufacturers.  
The LCA results are discussed in terms of LCA-enhanced 
KPIs for CO2 and NOx emissions, since they represent the 
major environmental issues of the CONV manufacturing 
process. Sulphur oxide emissions are not in focus, since they 
mostly relate to the sulphur load of raw materials and coal 
combustion in the generation mix.  
The environmental impact of 1 t of glass material produced 
by both, the MW process and the CONV processes (large-scale 
and small-scale) is determined by the main thermal process 
(melting step) of batch materials. In all cases investigated, this 
process accounts for around 90 % of the total environmental 
burden while other phases contribute negligible amounts. The 
environmental impact of batch preparation (upstream) and 
forming processes (downstream) constitute approximately 4 % 
and 1 % of the total environmental burden, respectively. 
Similar values apply to the case of ceramic frits. Also, in this 
case, the results of LCA analysis reveal that the major 
environmental impacts are related to the melting of batch 
material for all processes. Indeed, this phase appears to have 
the highest environmental impact, ranging from 60 to 90 % of 
the total burden in all LCA categories. 
Taking into account the LCA-enhanced KPIs for CO2 (see 
Figure 3 and 5), in both materials analyzed CONV small-scale 
plants present the highest environmental impact. This result is 
mainly influenced by the higher energy consumption in the 
melting phase, especially in the case of ceramic frits. The MW 
demo for glass production exhibits a CO2 environmental 
performance of 21 % lower than CONV small (see Figure 3). 
In contrast, the MW technology considering ceramic frits 
achieves considerable greenhouse gas emission reductions 
compared to both the CONV small and CONV large cases. The 
MW demo exhibits an environmental impact up to 73 % lower 
than the impact of CONV processes (see Figure 5).  
In addition, taking into account the LCA-enhanced KPIs for 
NOx (see Figure 4 and 6), the CONV small case presents the 
highest environmental impact for both products considered.  
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Figure 3: Comparison of LCA-enhanced KPIs of CO2 emissions of glass 
production between microwave demo-scale (MW demo), conventional large-
scale and conventional small-scale. 
 
 
Figure 4: Comparison of LCA-enhanced KPIs of ΝOx emissions of glass 
production between microwave demo-scale (MW demo), conventional large-
scale and conventional small-scale. 
 
Regarding glass production (see Figure 4), both electric 
small-scale cases (MW and CONV small-scale) are free from 
combustion related NOx emissions. These both also benefit 
from avoiding the corresponding natural gas production, which 
is quite intense in terms of NOx emissions. The MW case 
requires less electricity than the CONV small-scale plant, thus 
emitting less corresponding emissions. Moreover, a 
considerable reduction of NOx emissions is observed in the 
MW case for ceramic frits (Figure 6), even if compared to the 
large-scale plant. All results demonstrate the trade-off between 
direct and indirect emissions.  
In case of glass, the transition from CONV (either scale) to 
MW involves the reduction of direct emissions resulting from 
fuel extraction, transport and combustion. However, their 
replacement by indirect emissions from electricity generation 
is a fact. Emissions due to raw materials processing are 
common in all three alternative production methods, while 
“cradle-to-gate” indirect emissions are determined by the 
particular energy source.  
Regarding ceramic frits manufacturing, where both large 
and small-scale CONV plants operate with natural gas, direct 
emissions remain dominant. In the MW case, the highest 
proportion is occupied by indirect emissions due to electricity 
generation and “cradle-to-gate” processes. 
 
Figure 5: Comparison of LCA-enhanced KPIs of CO2 emissions of ceramic 
frits production between microwave demo-scale (MW demo), conventional 
large-scale and conventional small-scale. 
 
 
Figure 6: Comparison of LCA-enhanced KPIs of ΝOx emissions of ceramic 
frits production between microwave demo-scale (MW demo), conventional 
large-scale and conventional small-scale. 
5. Conclusion 
The goal of this paper is the support of decision-making 
processes comparing conventional with innovative 
manufacturing technologies by contributing on new types of 
KPIs. Those KPIs focus on energy and broader sustainability. 
A case study was carried out taking into account industrial 
processes of glass and ceramic frit materials with an intensive 
energy demand. The case study involved an innovative MW 
furnace, which has not yet reached industrial level applications. 
Thus, the information relevant to its performance under real 
conditions and higher capacities is not available. However, this 
work provides a technology assessment on a lower level in 
order to provide evaluation tools which can be used across 
different production lines and technology processes as well as 
an important feedback from the current state of research on 
MW furnaces, regarding the energy and emission saving 
potential of the new technology.  
Taking into account energy-related KPIs and considering 
the scale-effects of the investigated plant size, it can be shown 
that the overall energy consumption can be reduced by up to 
50% using MW technology even when compared to a full-scale 
conventional plant. Moreover, the energy consumption is 
shifted from fossil fuels to electric energy, which is producible 
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from renewable sources. The results may not have changed 
dramatically with the extended system boundary examined by 
the life cycle approach; nonetheless, the output carries a lot 
more information. The emission reduction potential of the MW 
case has been fully demonstrated, quantified and justified. In 
addition, the distinction between direct and indirect emissions 
can facilitate relevant studies, considering a future “cleaner” 
electricity mix, thus strengthening the advantages of the MW 
system. 
The developed LCA-enhanced KPI methodology is an 
important approach for identifying environmental hotspots and 
quantifying trade-offs in terms of corresponding impacts while 
also providing considerable support for decision-making 
situations, confronting the question of promoting innovative 
new technologies. 
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